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CaM binding domainCalmodulin (CaM) is a ubiquitous Ca2+ sensor regulating many biochemical processes in eukaryotic cells. Its
interaction with a great variety of different target proteins has led to the fundamental question of its
mechanism of action. CaM exhibits four “EF hand” type Ca2+ binding sites. One way to explain CaM
functioning is to consider that the protein interacts differently with its target proteins depending on the
number of Ca2+ ions bound to it. To test this hypothesis, the binding properties of three entities known to
interact with CaM (a ﬂuorescent probe and two peptide analogs to the CaM binding sites of death associated
protein kinase (DAPK) and of EGFR) were investigated using a quantitative approach based on ﬂuorescence
polarization (FP). Probe and peptide interactions with CaM were studied using a titration matrix in which
both CaM and calcium concentrations were varied. Experiments were performed with SynCaM, a hybrid
CaM able to activate CaM dependent enzymes from mammalian and plant cells. Results show that the
interaction between CaM and its targets is regulated by the number of calcium ions bound to the protein,
namely one for the DAPK peptide, two for the probe and four for the EGFR peptide. The approach used
provides a new tool to elaborate a typology of CaM-targets, based on their recognition by the various CaM–
Can (n=0–4) complexes. This article is part of a Special Issue entitled: 11th European Symposium on
Calcium.opean Symposium on Calcium.
, 67401 Illkirch Cedex, France.
ch).
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Calcium is a ubiquitous cellular signal that controls a plethora of
cellular processes [1,2]. Information encoded in transient calcium signals
is deciphered by various intracellular calcium-binding proteins (CaBPs)
which exhibit calcium afﬁnities and binding kinetics compatible with the
intensities and duration of the calcium waves that can be elicited in the
cytosol of eukaryotic cells [3]. These CaBPs convert the signals into awide
variety of biochemical responses. Besides the calcium-buffers or
transporters involved in calcium storage, an ensemble of proteins called
calcium-sensors or transducers are integral parts of signaling cascades
and convey the calcium signal to trigger the appropriate biochemical and
cellular responses [4,5]. Among this ensemble, calmodulin, a member of
the family of proteins containing EF-hands is the most prominent
example used to discuss the determinants of target selectivity [6,7].
Calmodulin (CaM) is a multifunctional calcium transducer [8]. It
functions as a central regulator of cellular metabolism in response tochanges in cellular calcium levels by interacting with various targets [9].
Numerous studies have been devoted to the understanding CaM
mechanism of action. Early models considered CaM as a simple off/on
switch, in which apoCaM was inactive whereas the fully Ca2+ saturated
protein allowed interaction with and activation of the various target
enzymes. However both 1) the observation, namely with biophysical
studies, that CaM Ca2+ binding sites were not equivalent and indepen-
dent and 2) the steadily increasing number of target proteins and
enzymes regulatedbyCaM, led topostulate amodel inwhichCaMactivity
was regulated by the number of Ca2+ ions bound to it [10]. Further
reﬁnement of the model included spatio-temporal and genetic regula-
tions [11,12]. It is now generally admitted that CaM is highly ﬂexible, this
ﬂexibility sustaining the multi-functionality of the protein [4]. Neverthe-
less, the precisemechanism underlying integration of a calcium signal by
CaM into a quantitative biochemical process and a speciﬁc cellular
response is still unclear.
The three-dimensional crystal structure of Ca2+ loaded CaM reveals
a dumbbell-shaped molecule with two roughly globular lobes, the N-
and C-terminal lobes linked by a long solvent-exposed helix, which has
been shown by NMR to be non-helical in its central part and ﬂexible in
solution [13]. Each globular lobe contains two coupled EF-hand motifs.
The two lobes of CaM share a high sequence homology (75%) with
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to these two regions of CaM distinct biochemical properties. Besides
these fundamental differences between the two lobes, theﬂexible linker
that separates them, allows for numerous orientations and therefore
provides a mean to speciﬁcally recognize a large number of distinct
peptides used to characterize different CaM/target proteins interactions
[14]. The electrostatic potential has been shown to play a major role in
the stability and ﬂexibility of CaM [15].
Investigations of CaM structures in complexeswith different target
peptides have highlighted the different modes of binding that
illustrate the remarkable plasticity of CaM [10,16–19]. The selective
Ca2+–CaM dependent-target regulation is likely to be due to the order
of association of Ca2+, CaM and its target, as well as to the number of
calcium ions bound [10,14,20,21], the target speciﬁc Ca2+–CaM
cooperative afﬁnities [22], the diversity of CaM–target interaction
interfaces [4] and the electrostatic character of the binding surfaces
[23].
CaM exhibits four EF-hand Ca2+-binding sites, numbered I to IV
starting at the N-terminal part of the protein. Calcium binding to CaM
is best described by a sequential and ordered model (or preferential
pathway binding model) which assumes strong coupling factors
between the different sites of the molecule [10,23]. The sequential
model implies a striking asymmetry of the molecule in the apo form
(only site III has a high afﬁnity for Ca2+). Calcium binding to the ﬁrst
site then triggers conformational changes allowing the second site to
bind Ca2+ with high afﬁnity and so one, with the following order of
sites occupancy: site III→site IV→site I→site II [16,17]. We assume
that this particular Ca2+ binding property partly sustains CaM
mechanism of action in that it allows the protein to adopt speciﬁc
conformations as a function of the number of Ca2+ bound. These
speciﬁc conformations enable CaM to interact with a given target
protein or set of target proteins.
In order to further dissect the features underlying partner
recognition by CaM, we undertook a quantitative study aimed at
characterizing the complexes CaM–Can (n=0–4) involved in target
interaction. Using ﬂuorescence polarization, we analyzed the inter-
action between SynCaM, the product of the synthetic gene coding for
a protein hybrid of mammalian and plant CaM able to activate the
Ca2+–CaM-dependent enzymes from mammalian and plant cells [24]
and four targets, one being a ﬂuorescent probe previously shown to
interact with CaM in a Ca2+-dependent manner [25], the second two
corresponding to a peptide analog of death associated kinase (DAPK)
CaM regulatory site in its phosphorylated and unphosphorylated form
and the last one, the CaM binding domain of the EGFR receptor [26].
DAPK is a member of the Ser/Thr-kinases, shown to be implicated in
the regulation of programmed cell death. When the gene coding for
DAPK was discovered, a CaM-binding domain could be identiﬁed in
the C-terminal part of the kinase domain based on sequence [27].
Yeast two hybrid and CaM overlay assays subsequently conﬁrmed the
physical interaction of CaM with its predicted binding domain on
DAPK. The presence of Ca2+-bound CaM enhances the kinase's
enzymatic activity [28] and CaM/DAPK interaction was shown to be
modulated by phosphorylation of the CaM-binding domain.
EGFR is a membrane tyrosine kinase receptor of paramount
importance in cell proliferation and differentiation. CaM appears to
regulate EGFR kinase activity in a Ca2+ dependent manner [29].
Calcium dependence of CaM/target interaction was analyzed using
a titration matrix in which both Ca2+ and CaM concentrations were
changed. This gave us access to different parameters characterizing
the interaction and namely to the number of bound Ca2+ required for
the interaction to occur.
Our approach illustrates the possible discrimination between the
CaM–Can complexes involved in the interaction of CaMwith its target
proteins or its small molecule interactors and provides a new tool to
elaborate a classiﬁcation of CaM-dependent target peptides as a
function of CaM–Can complexes (n=0–4) recognition.2. Experimental section
2.1. Materials
All chemicals were obtained from commercial suppliers and used
without further puriﬁcation. DMSO, KCl, HEPES, Tris, MOPS and EGTA
were purchased from Sigma. CaCl2 was from Fluka. Ultra pure water
(milli-Q apparatus, Sartorius Inc.) was used for the aqueous solutions.
The assays were carried out with synthetic CaM (SynCaM or VU1) a
hybrid between mammalian and plant CaM and with electrostatic
mutants of SynCaM, namely SynCaM8 (VU8), SynCaM12 (VU12) and
SynCaM24 (VU24) [19,24,30,31].
CaM-mutants were produced and puriﬁed with previously des-
cribed procedures [31]. Calcium buffer calibration Kits #1 and 3 were
purchased from Invitrogen (C3008MP and C6775). Fluorescent probe
CHPO 199-5-B05 ortho (16B05 ortho), called probe S1, was selected
from a ﬂuorescent polarization screening assay applied to CaM. It was
re-synthesized as previously described [25] and a 10 mM stock solution
was prepared. The three synthetic peptides DAPK-Reg (TAMRA-
RKKWKQSVRLISLCQRLSR-NH2), DAPK P-Reg (TAMRA-RKKWKQ(pS)
VRLISLCQRLSR-NH2) and EGFR peptide (TAMRA-RRRHIVRKRTLRRLLQ-
NH2) were purchased from Schafer-N (Copenhagen, Denmark).
2.2. Spectroscopic measurements
Steady-state absorption spectra were recorded on a Shimadzu
spectrophotometer to determine the protein concentrations. Protein
concentrations were measured at 280 nm using molar extinction
coefﬁcients of 1500 M−1 cm−1 for SynCaM, of 2450 M−1 cm−1 for
SynCaM8, of 1650 M−1 cm−1 for VU12, and of 1650 M−1 cm−1 for
SynCaM24. DAPK-Reg and DAPK P-Reg concentrations were mea-
sured using the molar extinction coefﬁcients of 103000 M−1 cm−1 at
565 nm. All spectra were corrected for lamp intensity variations and
background. All measurements were carried out at room temperature.
2.3. Data analysis
The polarization degree is deﬁned by the equation FP=(I//− I⊥)/
(I//+I⊥) where FP is the ﬂuorescence polarization degree, and I// and
I⊥ are the ﬂuorescence intensities of the vertically (//) and
horizontally (⊥) polarized emissions, when the sample is excited
with vertically polarized light. For each plate, background correction
was performed by subtracting blank parallel and perpendicular
components (means of 8 wells) from the respective intensities.
The ﬂuorescence polarization measurements were often
expressed as anisotropy (because anisotropy values can be combined
additively). Anisotropy values (A) were obtained from polarization
(FP) values as follows:
A =
2FP
3−FP :
2.4. FP-titration of SynCaM with the ﬂuorescent probe S1
FP-measurements were performed using a Victor 3 apparatus
(Perkin-Elmer Life and Analytical Sciences, Boston, MA) and carried
out at 25 °C. Titrations were conducted in Corning Costar 96-well
black polystyrene Xat-bottomed plates (Model 3686; Corning, Acton,
MA).
SynCaM was titrated with the ﬂuorescent probe S1. Increasing
amounts of the ﬂuorescent probe in the assay buffer were added to a
ﬁxed concentration of SynCaM (4.5 or 7.5 μM) to reach ﬁnal
concentrations ranging between 0.1 and 80 μM. FP-titrations were
performed in a total volume of 30 μL with a buffer composed of
30 mM MOPS, 100 mM KCl, and 1 mM CaCl2, pH 7.2. The plate was
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degrees (FP) were measured with an excitation wavelength set at
544 nm (bandwidth 15 nm) and an emission wavelength set at
600 nm (bandwidth 10 nm). For each plate, FP measurements were
performed with control wells containing the unbound ﬂuorescent
probe isomer.
During probe S1 titration, the equilibrium ratio of free over total
probe concentration was monitored by ﬂuorescence polarization. The
equilibrium dissociation constant (Kd) was calculated according to
Dagher et al. [25].
2.5. FP titration of probe S1 with SynCaM and its electrostatic mutants at
different calcium concentrations
The interaction between SynCaM and probe S1 was studied by FP
measurements using a Victor 3 apparatus (Perkin-Elmer Life and
Analytical Sciences, Boston, MA) at 25 °C. For this purpose, probe S1 at
a given concentration was titrated with various concentrations of
SynCaM or its electrostatic mutants at different free Ca2+ concentra-
tions. Assays were conducted using Ca2+-calibrated EGTA buffered
solutions in 30 mM MOPS, and 100 mM KCl, pH 7.2. To obtain the
series of solutions at given free Ca2+ concentrations (0, 0.03, 0.1, 0.2,
0.3, 0.4, 0.5, 0.7, 0.9, 1, and 1.35 μM), calcium calibration solutions
fromKit#1 (Invitrogen)weremixed in varying proportions, according
to the procedure recommended by the manufacturer. The free Ca2+
concentrations after subsequent dilutions were determined from:
Ca2+
h i
= KEGTAd
CaEGTA½ 
K2EGTA½ 
where [Ca2+] is the free Ca2+ concentration, KdEGTA the dissociation
constant of EGTA for Ca2+, and CaEGTA½ K2EGTA½  is the ratio of the mixture of
the two solutions present in the kit, one containing calcium/EGTA
and the second potassium/EGTA.
To establish solutions with calcium concentrations of 0, 1.35, 2.85,
10, 20, 30, 50, 75, 100, and 1000 μM, Kit#3 (Invitrogen) was used.
Probe S1 was prepared in the twenty different calcium buffer
solutions at a concentration of 0.2 μM and was titrated with SynCaM
and its electrostatic mutants which were prepared in the twenty same
calcium buffer solutions at 20 μM. The protein solutions at 20 μMwere
robotically (Biomek 2000) diluted at half in a cascade manner, in each
calciumbuffer, to obtain concentrations ranging from0.16 to 20 μM.The
binding assays were performed by adding robotically to each well
containing 15 μL of probe S1, 15 μl of SynCaM or its mutants. The ﬁnal
protein concentrations thus ranged from 0.08 to 10 μM for a probe S1
concentration of 0.1 μM.Theplatewasmixed and incubated for 5 min at
room temperature. The polarization degrees (FP) were measured with
an excitation wavelength set at 530 nm (bandwidth 7 nm) and an
emissionwavelength set at 610 nm (bandwidth 10 nm). For each plate,
FP-measurements were performed with control wells containing the
unbound ﬂuorescent probe isomer.
During titration of probe S1, the equilibrium ratio of free over total
ﬂuorescent probe concentration was monitored by ﬂuorescence
polarization. The equilibrium dissociation constant (Kd) of the probe
binding to SynCaM or its electrostatic mutants, in each calcium buffer
solution, was calculated by ﬁtting the curve representing FP change as
a function of SynCaM or its electrostatic mutants usingMicrosoft Excel
according to the scheme described in Section 3.1.
2.6. FP titration of DAPK and EGFR peptides with SynCaM at different
calcium concentrations
Stock solutions of DAPK and EGFR peptides (10 mM in DMSO) were
diluted in the assay buffer and used at a ﬁnal concentration of 0.1 to
0.5 μM. Ca2+-buffer kits were used as described above. All recordings of
ﬂuorescent polarization were performed on a Victor 3 apparatus(Perkin-Elmer Life and Analytical Sciences, Boston, MA) at an excitation
wavelength set at 530 nm (bandwidth 7 nm) and an emission
wavelength set at 610 nm (bandwidth 10 nm). SynCaM binding assays
were performed using geometrical concentration cascades between
0.05 μM and 50 μM. Simulation of Kd values characterizing the CaM/
peptide interaction was performed from titration curves where the
peptide was titrated by SynCaM at a given Ca2+ concentration. The
subsequent modelling of the Ca2+-dependency of the interaction was
performed as indicated for CaM/probe S1 interaction (Section 2.5).
2.7. Isothermal microcalorimetry titration of calmodulin by calcium
Binding of Ca2+ to the main sites of SynCaM and its electrostatic
mutants (SynCaM8, SynCaM12 and SynCaM24) was analyzed by
isothermal titration microcalorimetry (ITC) using a Microcal VP-ITC
calorimeter.
ITC measurements were carried out at 25 °C in 30 mM MOPS and
100 mM KCl at pH 7.2. Calcium was removed from SynCaM using
trichloroacetic acid precipitation as described by Haiech et al. [10]. For
microcalorimetry experiments, ultrapure water (milli-Q apparatus,
Sartorius Inc.) was used and plastic materials were washed with
10 mM EGTA, pH 8 and rinsed with milli-Q water to minimize Ca2+
contamination. All solutions were thoroughly degassed by magnetic
stirring under vacuum before use. Before each experiment, the ITC
sample cell was washed several times with the EGTA solution and
rinsed with milli-Q water.
The sample cell was loaded with 1.4 mL of protein dissolved in
30 mM MOPS and 100 mM KCl buffer pH 7.2. Protein concentrations
were 75, 55 and 110 μM for SynCaM, 55 μM for SynCaM8, 95 μM for
SynCaM12, and 50 μM for SynCaM24. The reference cell contained
milli-Q water. Titration was carried out using a 300-μL syringe ﬁlled
with 3 mM CaCl2 prepared in MOPS/KCl buffer under continuous
stirring at 300 rpm. Injections were started after baseline stabilization.
Each titration experiment consisted of 60 consecutive injections of 3 μL
volume and 5.1 s duration for each, with a 4 min interval between
injections. The heat of dilutionwasmeasured by injecting CaCl2 into the
buffer solution without protein. The enthalpy change for each injection
was calculated by integrating the area under the peaks for the recorded
time course of power change and then subtracting the control titration
ones. Data were analyzed using MicroCal Origin software and were
ﬁtted to obtain thermodynamic parameters of Ca2+ binding to the
protein main Ca2+ binding sites using a model with sequential binding
to four sites proposed by the Origin software (see Section 4).
3. Results and discussion
In order to gain deeper insight into the mechanism of action of
calmodulin (CaM), we analyzed the interaction of SynCaM, the
synthetic CaM which activates all mammalian CaM dependent
enzymes and plant NAD kinase, and of three SynCaM mutants
(Table 1) with two different entities. One entity is constituted by a
chemical compound, probe CHPO 199-5-B05 ortho isomer (16B05
ortho) selected from a previous ﬂuorescence screening assay [25] and
the second by peptide analogs of the DAPK–CaM binding domain
both in its unphosphorylated (DAPK-Reg) and phosphorylated
(DAPK-P-Reg) forms and of the CaM binding domain of EGFR.
Probe CHPO 199-5-B05 ortho isomer (16B05 ortho) will be called
probe S1 throughout this study. The structures of the different
entities are given in Fig. 1.
3.1. The phenomenological Adair–Klotz representation for SynCaM
interactions analysis
SynCaM interaction with the ﬂuorescent probe S1, DAPK and EGFR
peptides was studied as a function of calcium bound to the protein.
Datawere then analyzed according to the following phenomenological
Table 1
SynCaM and three electrostatic mutants. SynCaM has beenmutated at speciﬁc positions
in order to replace clusters of acidic residues with clusters of basic residues. Mutations
were performed using site speciﬁc mutagenesis as indicated in [33].
Protein Alias Sequence characteristics
SynCaM VU1 Synthetic CaM, hybrid between mammalian and plant CaM
Activates all mammalian target enzymes and plant NAD
kinase.
SynCaM8 VU8 Electrostatic mutant of SynCaM with lysines replacing the
glutamate cluster at positions 82, 83 and 84 in the helix linking
the N- and C-terminal lobes
EEE82-84KKK
SynCaM12 VU12 Electrostatic mutant of SynCaMwith lysines replacing a cluster
of acidic residues (DEE) at positions 118, 119 and 120 in the C-
terminal lobe between calcium binding domains III and IV
DEE118-120KKK
SynCaM24 VU24 Electrostatic mutant of SynCaMwith lysines replacing a cluster
of 3 residues (DEQ) at positions 6, 7 and 8 in the N-terminal
lobe of SynCaM, before calcium binding domain I
DEQ6-8KKK
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all binding curves [32]:
CaM ⇔
K1 CaCaM ⇔
K2 Ca2CaM ⇔
K3 Ca3CaM ⇔
K4 Ca4CaM
⇕A ⇕B ⇕C ⇕D ⇕E
CaM−S ⇔
G1 CaCaM−S ⇔
G2 Ca2CaM−S ⇔
G3 Ca3CaM−S ⇔
G4 Ca4CaM−S
where S represents either the ﬂuorescent probe S1 or the target
peptides, K1, K2, K3 and K4, the macroscopic Ca2+-association
constants describing calcium binding to the four main Ca2+ binding
sites on CaM in the absence of CaM targets, G1, G2, G3 and G4 the
calcium association constants corresponding to Ca2+ binding to its
four main sites on CaM in the presence of the ﬂuorescent targets
(probe S1, or DAPK- or EGFR-ﬂuorescently labeled peptides) and A, B,
C, D E, the probe S1, DAPK- or EGFR peptides association constants for
CaM, CaCaM, Ca2CaM, Ca3CaM and Ca4CaM, respectively.
3.2. Characterization of probe S1 binding to SynCaM
Probe S1 interacts with SynCaM in a calcium dependent manner
[25]. In order to characterize this interaction and determine if speciﬁc
CaM–Can complexes are involved in the interaction, we set up anA
H
N
O
HN
O
Et2N
Et2N
+
SO2
SO3-
B
C
Fig. 1. Structures of the CaM interacting compounds used in the study. A) Probe S1 CHPO 19
(1) a pharmacophore constituted by charged (guanidinium and amino groups) and unc
Rhodamine B, and (3) a spacer between the core of the molecule and the ﬂuorescent dye. B)
binding domain of DAPK (R302–R320; NP_004929) in its un-phosphorylated (DAPK-Reg)
human EGFR CaM binding domain (R669-Q684; P00533).experiment aimed at evaluating the association constants A, B, C, D
and E of the probe S1 for SynCaM bound to 0, 1, 2, 3 or 4 Ca2+ ions (see
scheme in Section 3.1).
As a ﬁrst step in our analysis and in order to get the values of the
association constants K1, K2, K3 and K4 for Ca2+ binding to CaM, under
our experimental conditions (30 mMMOPS pH 7.2 and 100 mM KCl),
an isothermal calorimetric (ITC) titration was performed. ITC curves
were ﬁtted as previously described [16]. Macroscopic association
constants for calcium binding to the four main SynCaM Ca2+ binding
sites are given in Table 2a. Although different experimental conditions
have been used, results are globally in agreement with previous
results obtained using SynCaM [16] and with the fact that KCl lowers
the afﬁnity of the sites for Ca2+ [10].
Probe S1 binding to SynCaM was monitored by ﬂuorescence
polarization as described in Section 2.4. When bound to SynCaM, the
ﬂuorescence polarization of the probe increases as a result of motion
restriction. In order to determine the binding parameters characterizing
the interaction between the probe S1 and CaM, namely the number of
probe binding sites and the binding constants A to E and G1 to G4
(see scheme in Section 3.1), a titrationmatrix was set up in which probe
S1at agivenconcentration (ﬁnal concentrationof 0.1 μM)was titratedby
various concentrations of SynCaM at various Ca2+ concentrations. More
precisely, the ﬂuorescence polarization of probe S1 at a given
concentration of free Ca2+ was recorded as a function of increasing
concentrations of SynCaM. The same procedure was then repeated by
changing, for each experiment, the concentration of Ca2+. Ca2+
concentrations were controlled by an EGTA-buffer system as described
in the Experimental section. As the interaction between SynCaM and the
probe S1 appeared to beCa2+-dependent, thenumber of binding sites for
probeS1present onSynCaMwasevaluated in another set of experiments
by titrating Ca2+ saturated SynCaM at high concentrations (4.5 and
7.5 μM) with probe S1. Under these conditions where the concentration
is higher than the determined dissociation constant between the probe
and SynCaM, a single binding site for probe S1 could be detected.
From each titration curve in the titration matrix (corresponding to
ﬁxed probe and Ca2+ concentrations and various SynCaM concentra-
tions) an apparent dissociation constant (Kapp) of probe S1 for
SynCaM at a given free Ca2+ concentration could be determined by
ﬁtting the data to a one-site binding equation using nonlinear
regression as described in [25]. Kapp values as a function of free
Ca2+ concentrations are represented in Fig. 2. According to the Adair–N
H
O
NH
NHH2N
O
O
N
H O
NH2
NH2
9-5-B05 ortho (Probe S1) selected from a previous screening assay [25] is composed of
harged (naphthalene moiety) building blocks, (2) a ﬂuorescent dye, the Lissamine
Sequence of TAMRA-labeled DAPK peptides. The two peptides correspond to the CaM-
and phosphorylated states (DAPK-P-Reg), respectively. C) Sequence of TAMRA labeled
Table 2
Thermodynamic parameters for Ca2+ binding to SynCaM and three electrostatic mutants presented in Table 1. Experiments were performed in 30 mM MOPS and 100 mM KCl,
pH 7.2. a) Macroscopic calcium association constants (K1, K2, K3 and K4) deduced from ITC studies. Data were ﬁtted according to the Adair–Klotz scheme (see Section 3.1).
b) Enthalpy (ΔH) and entropy (ΔS) changes associated with the binding of 1, 2, 3 and 4 Ca2+ to SynCaM and its electrostatic mutants. Parameters were deduced from ITC data ﬁtting
using the phenomenological Adair–Klotz scheme. Experiments were performed in triplicate for SynCaM and in duplicate for SynCaM12.
a K1 (μM−1) K2 (μM−1) K3 (μM−1) K4 (μM−1)
SynCaM 0.68±0.03 0.022±0.004 0.028±0.011 0.028±0.014
SynCaM24 0.34 0.345 0.064 0.023
SynCaM8 0.2 0.054 0.114 0.0203
SynCaM12 0.22±0.0002 0.145±0.03 0.015±0.004 0.004±0.004
b ΔH1
(cal/mol)
ΔS1
(cal/mol K)
ΔH2
(cal/mol)
ΔS2
(cal/mol K)
ΔH3
(cal/mol)
ΔS3
(cal/mol K)
ΔH4
(cal/mol)
ΔS4
(cal/mol K)
SynCaM −731±275 24±1 4736±598 42±12 −4921±1326 4±4 2341±1267 28±4
SynCaM24 1008 29 −2455 17 3546 34 2404 28
SynCaM8 1036 28 −2777 12 2848 33 3212 31
SynCaM12 3062±400 35±1 4097±279 37±1 −6553±767 −3±3 2240±1207 23±1,5
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and calcium concentration is given in the following equation:
Kapp =
1 + K1 x + K1K2x
2 + K1K2K3 x
3 + K1K2K3K4 x
4
A 1 + G1x + G1G2 x
2 + G1G2G3 x
3 + G1G2G3G4 x
4
 
where x is the free Ca2+ concentration, K1 to K4 and G1 to G4, the Ca2+
association constants for SynCaM in the absence and presence of
probe S1 and A the association constant of probe S1 to apoSynCaM
(Ca2+ free SynCaM).
The curve representing the apparent dissociation constants
between probe S1 and SynCaM as a function of Ca2+ (Fig. 2) was
ﬁtted using Microsoft Excel solver according to the equation given
above and using the K1 to K4 values of SynCaM presented in Table 2a.
Values of A and G1 to G4 are derived from curve ﬁtting. Association
constants B, C, D and E were then calculated using the relationships:
B = G1=K1
 
A C = G1G2=K1K2
 
A
D =
 
G1G2G3=K1K2K3
!
A E =
 
G1G2G3G4=K1K2K3K4
!
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Fig. 2. Apparent dissociation constants of the ﬂuorescent probe S1 titrated on SynCaM
and its electrostatic mutants as a function of calcium concentration. Assays were
conducted using calcium calibration buffers consisting of twenty different calcium
buffer solutions EGTA-calibrated ranging from 0 to 1 mM in 30 mMMOPS and 100 mM
KCl pH 7.2 at room temperature (~22 °C). The ﬂuorescent probe S1 was prepared at a
ﬁnal concentration of 0.1 μM and was titrated at ﬁxed free calcium concentrations with
SynCaM or its electrostatic-mutants SynCaM8, SynCaM12 and SynCaM24. The ﬁnal
concentrations of the protein ranged from 0.08 to 10 μM. The equilibrium dissociation
constant (Kapp) of the probe for SynCaM or its electrostatic mutants, in each calcium
buffer solution was determined. Kapp values were then expressed as a function of the
free calcium concentration. Symbols are ● for SynCaM, ♦ for SynCaM24, ▲ for
SynCaM12 and ■ for SynCaM8.Dissociation constants corresponding to the different calculated
association constants A, B, C, D and E are indicated in Table 3 (we choose
to present anddiscuss these values as dissociation constants, rather than
association constants as they are directly related to concentrations).
Dissociation constants A−1 and B−1 are high compared to C−1, D−1 and
E−1 (differences of three to four orders of magnitude) indicating that
binding of probe S1 to SynCaMrequires that at least two Ca2+ are bound
to SynCaM. No signiﬁcant binding takes place to apoSynCaM or
SynCaM–Ca1 complex. Once the second Ca2+ is bound to site IV of
SynCaM, which corresponds to the occupancy of the two Ca2+ binding
sites in the C-terminal lobe, probe S1 interacts with the protein.
Noteworthy, the afﬁnity of probe S1 for SynCaM appears to be further
modulatedbybindingof the third and fourthCa2+. Theafﬁnity is highest
for the SynCaM–Ca2 complex, then decreases by a factor of 20 and then
slightly increases again as the fourth Ca2+ binds. Schematically,
saturation of the two Ca2+ binding sites in the C-terminal lobe appears
essential for the probe interaction, whereas further Ca2+ binding to the
sites in the N-terminal part of the protein modulates the interaction.
This observation suggests that the conformation of the complexes
SynCaM–Ca2, SynCaM–Ca3, and SynCaM–Ca4 may be different.
In order to further test the differences in conformation of the
various probe/SynCaM–Can complexes (n=2, 3 and 4), SynCaM
mutants were used with the following rationale: if the three probe/
SynCaM–Can complexes (n=2–4) are identical, mutations in the
protein structure should affect the conformation of the different
complexes similarly. On the other hand, if the three complexes are to
be different, mutations impacting differently the conformation of the
complexes should be evidenced by a differential modiﬁcation in the
C−1, D−1 and E−1 dissociation constants. The electrostatic potential
of CaM has been shown to be involved in CaM/target enzyme
recognition. Therefore, to test our hypothesis, SynCaM mutantsTable 3
Dissociation constants relative to the interaction between probe S1 and SynCaM,
SynCaM24, SynCaM8 and SynCaM12 at different Ca2+ saturation degrees. Experiments
were performed in 30 mM MOPS and 100 mM KCl, pH 7.2. Probe S1 at a concentration
of 0.2 μM was titrated at different ﬁxed Ca2+ concentrations with increasing CaM
concentrations. A−1, B−1, C−1, D−1 and E−1 are the probe S1 dissociation constants for
SynCaM, SynCaM–Ca, SynCaM–Ca2, SynCaM–Ca3 and SynCaM–Ca4 complexes, respec-
tively. Data were ﬁtted according to the Adair–Klotz scheme (see Section 3.1).
Nonlinear ﬁtting was carried out with Microsoft Excel software after replacing, in the
Kapp equation (Section 3.2), the K1, K2, K3 and K4 constants by their values acquired by
ITC titrations. Each experiment was performed at least twice. Standard errors are not
indicated as the results obtained were identical.
A−1 (μM) B−1 (μM) C−1 (μM) D−1 (μM) E−1 (μM)
SynCaM 212 212 0.016 0.42 0.164
SynCaM24 141 141 0.083 1.1 0.120
SynCaM8 190 190 0.023 0.021 0.110
SynCaM12 238 238 0.5 1.25 0.420
0,00001
0,00010
0,00100
0,01000
0,10000
1,00000
10,00000
100,00000
0,01 0,1 1 10 100
A
pp
ar
en
t K
d 
µM
[Ca] µM
Fig. 3. Apparent dissociation constants of the three CaM binding peptides titrated on
SynCaM as a function of calcium concentration. Assays were conducted using calcium
calibration buffers consisting of twenty different calcium buffer solutions EGTA-calibrated
ranging from 0 to 1 mM in 30 mM MOPS and 100 mM KCl pH 7.2 at room temperature
(~22 °C). The ﬂuorescent peptides were prepared at a ﬁnal concentration of 0.1 to 0.5 μM
and were titrated at ﬁxed free calcium concentrations with SynCaM. The ﬁnal
concentrations of the protein ranged from 0.05 to 50 μM. The equilibrium dissociation
constant (Kapp) of the peptides for SynCaM, in each calcium buffer solution was
determined. Kapp values were then represented as a function of the free calcium
concentration. Symbols are ■ for DAPK-Reg, ● for DAPK-P-Reg and ▲ for EGFR peptide.
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potential were studied for their interaction with the probe S1.
3.3. Probe S1 binding to three electrostatic mutants of SynCaM
Three SynCaM mutants, SynCaM8, SynCaM12 and SynCaM24
(Table 1) where clusters of acidic amino acids are replaced by clusters
of basic amino acids were used. The mutations affect the electrostatic
potential of the protein in speciﬁc parts located outside the calcium
binding sites [33], namely in the central helix (SynCaM8 (EEE82-
84KKK)), in the protein C-terminal part between domains III and IV
(SynCaM12 (DEE118-120KKK)) and in the N-terminal part before
domain I (SynCaM24 (DEQ6-8KKK)).
Ca2+ binding parameters for the three mutants were evaluated as for
SynCaM (see Section 3.2) using ITC and the Adair–Klotz binding scheme
(Section 3.1). Data are shown in Table 2a. Charge reversal in the central
helix, in the linker located between the two Ca2+ binding sites in the
C-terminal lobe or in the N-terminal lobe, before site I, affects the
macroscopic association constants, themost prominent effect being on the
K2 value of SynCaM24where a 10 fold increase in the association constant
is observed, suggesting a control of theN-terminal domain of CaMonCa2+
binding to the sites in the C-terminal domains. Also, changes in the central
helix (SynCaM8) or in the linker in the C-terminal domain (SynCaM12),
alter Ca2+ binding to the sites in the N-terminal part of the protein.
Mutations also affect differently the enthalpic and entropic
components driving Ca2+ binding to CaM (Table 2b). For all three
mutants, binding of the ﬁrst Ca2+ is not anymore enthalpy driven. For
SynCaM12, Ca2+ binding remains enthalpy driven for binding of the
third Ca2+, with a strong decrease of entropy compared to SynCaM.
For SynCaM8 and SynCaM24, binding of the second Ca2+ becomes
enthalpy driven. Electrostatic mutations impact the interaction
between the Ca2+ binding sites as well as the equilibrium between
the high afﬁnity and low afﬁnity states of each site.
The interaction of probe S1 with the three electrostatic mutants
was then studied using the same titration matrix as described for
SynCaM and data were analyzed according to the Adair–Klotz scheme
(Section 3.1). Values of the dissociation constants A−1, B−1, C−1, D−1
and E−1 characterizing probe S1 binding to the mutants complexed to
0, 1, 2, 3 or 4 Ca2+, respectively, are given in Table 3.
The results can be summarized as follows:
- for all mutants, probe S1 binding requires at least two Ca2+ bound
to the proteins,
- in the complex with two Ca2+, SynCaM8 exhibits an afﬁnity for
probe S1 similar to SynCaM, whereas SynCaM24 and SynCaM12
show lower afﬁnities (afﬁnity decrease of four- and twenty four
fold, respectively),
- the afﬁnity of probe S1 for SynCaM, SynCaM24 and SynCaM12, but
not SynCaM8 is modiﬁed when the third Ca2+ binds to the
proteins, and
- proteins with four Ca2+ bound exhibit relatively close afﬁnities for
probe S1 (the most important change being a 2.5 fold decrease in
afﬁnity for SynCaM12).
The observation that the afﬁnity of probe S1 for SynCaM
complexed to two or three Ca2+ is affected differently by the various
mutations strengthens our suggestion that the interaction/activation
of CaM with its targets may be modulated by the number of Ca2+
bound. Also, the fact that the dissociation constants of probe S1 for the
CaM–Ca4 complexes (E−1 values) do not seem to be signiﬁcantly
affected by the electrostatic potential alterations, is an indication of
CaM conformational plasticity. Moreover, the observation that the
electrostatic mutations in the C- and N-terminal parts and in the
central helix alter differentially the recognition mechanism between
probe S1 and the different conformations of the CaM–Can complexes,
suggests that the ﬂuorescent probe interacts with the two lobes ofCaM. This presumption highlighted the essential role of the
electrostatic potential involved in probe binding.
3.4. CaM–Can complexes involved in the interaction with death associated
protein kinase- (DAPK) and EGFR–CaM binding peptides
Studies of the structural determinants involved in CaM interaction
with targets were then extended by considering SynCaM interaction
with target peptides. Peptide analogs of the CaM binding domains of
DAPK and EGFR were selected.
3.4.1. Interaction with DAPK peptides
It has been shown that regulation of the enzymatic activity of DAPK
occurs through Ca2+/CaM binding to and autophosphorylation of a
domain located in the C-terminal part of the enzyme [27]. In the
absence of Ca2+/CaM, the CaM binding domain is locked in its
autophosphorylated form in the enzymatic cleft of the enzyme. In
conjunction with CaM binding, the domain gets removed from the
catalytic cleft and dephosphorylated, leading to an increase in enzyme
activity [34]. Even though there is good evidence for the general
principle of this model, the triggering role played by the intracellular
Ca2+ signaling remains unclear. DAPK regulatory domain with its
double regulation via CaM binding and autophosphorylation thus
appeared an interesting target. Two synthetic peptides corresponding
to the CaM interaction domain of DAPK (also called regulatory domain)
in the unphosphorylated and phosphorylated states were used. DAPK
regulatory peptides (Fig. 1B) were labeled with the ﬂuorescent dye
TAMRA. The binding characteristics of the two DAPK regulatory
peptides (DAPK-Reg and DAPK- P-Reg) were determined using a
titration assay analog to the one used to study the interaction between
SynCaM and probe S1. The ﬂuorescent peptide concentration was kept
at a concentration between 0.1 and 0.5 μM and the ﬂuorescent
polarization was recorded at different SynCaM concentrations
(0.05 μM to 50 μM). Ca2+ levels were controlled by the same EGTA-
buffer system (see Section 2.5). For each Ca2+ concentration, the
peptides binding curves were ﬁtted and an apparent dissociation
constant value Kapp was assigned. Fig. 3 shows the Kapp as a function of
Ca2+ concentration. The ensemble of Kapp values thus obtained was
thenused tomodel theCa2+-dependencyof thephosphorylated and the
non-phosphorylated peptides binding behavior according to the
phenomenological Adair–Klotz scheme (see Section 3.1). Table 4
Table 4
Dissociation constants relative to the interaction of SynCaM with DAPK and EGFR peptides at different Ca2+ saturation degrees. Structures of the ﬂuorescent CaM binding peptides
are given in Fig. 1B and C. The association constants (A, B, C, D and E) were evaluated from peptide/CaM binding curves at different calcium concentrations. A−1, B−1, C−1, D−1 and
E−1 are the peptide dissociation constants (deduced from the corresponding association constants) for SynCaM, SynCaM–Ca, SynCaM–Ca2, SynCaM–Ca3 and SynCaM–Ca4
complexes, respectively. Each ﬂuorescent DAPK or EGFR CaM binding peptide was prepared at ﬁnal concentration of 0.1 to 0.5 μM and was titrated with SynCaM at ﬁxed calcium
concentrations. The SynCaM binding assays were performed using geometrical SynCaM concentration cascades between 0.05 μMand 50 μM. Data were ﬁtted according to the Adair–
Klotz scheme (see Section 3.1). Nonlinear ﬁtting was carried out with Microsoft Excel software after replacing the K1, K2, K3 and K4 constants acquired by ITC titrations in the Kapp
equation (Section 3.2). Each experiment was performed at least twice. Standard deviations are indicated.
A−1 (μM) B−1 (μM) C−1 (μM) D−1 (μM) E−1 (μM)
DAPK-Reg 8±9 0.01±0.01 0.004±0.001 0.012±0.001 0.012±0.0002
DAPK P-Reg 110±55 2±0.5 30±1 0.002±0.003 0.002±0.003
EGFR peptide 2.8±1 1.6±0.3 2.8±1 2.8±1 0.00002±0.0001
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different CaM–Can complexes (n=0–4).
Data clearly show that the peptides binding behavior towards
SynCaM–Can is signiﬁcantly altered by the presence of the phosphory-
lated serine (DAPK-P-Reg). DAPK-Reg, which simulates the non-
phosphorylated, activated state of the kinase, shows increased afﬁnity
for SynCaM–Can (n=1–4) compared to DAPK-P-Reg. This implies that
with at least one bound Ca2+, SynCaM can interact with the regulatory
domain of DAPK. Following the same logic, the phosphorylated peptide
(DAPK P-Reg) requires at least three Ca2+ ions bound to SynCaM to
enable signiﬁcant binding of the peptide to the protein. Despite this
difference, both forms of the peptide show comparable dissociation
constant values (which we determined to be in the nanomolar range,
Table 4) for the fully Ca2+ saturated SynCaM.Hence, the described auto-
phosphorylation does not entirely destroy the peptide's capacity to
interact with CaM, but it makes the peptide more fastidious in terms of
the calcium concentration required. This phosphorylation-driven
alteration of the interplay between CaM, Ca2+ ions and the peptide
strengthens our hypothesis of CaM's ﬂexible interaction site, the
properties of which go along with the sequential binding of Ca2+ ions.
Also noteworthy is the observation that DAPK-Reg has a signiﬁcantly
higher binding afﬁnity for SynCaM in the absence of Ca2+ compared to
DAPK P-Reg. Our ﬁnding corroborates previously reported studies of
CaM ability to interact with some of its partners in the absence of any
bound ion, including inducible (macrophage) nitric oxide synthase
(iNOS) [35], cyclic nucleotide phosphodiesterase (PDE) [36], glycogen
phosphorylase b kinase (Gbk) [37], the neuronal proteins like
neuromodulin [38], as well as unconventional myosins such as brush
border myosin I (BBMI) [39] and some drug-like compounds such as a
bis-indol derivative (KAR-2) [40].
Taking into account the results described here, we propose a
reﬁnement of the already existing model of DAPK activation by CaM.
While the existing model hypothesizes that the event of inhibitory
auto-phosphorylation of DAPK regulatory domain mainly affects its
overall binding capacities [34], we emphasize more speciﬁcally an
alteration of the Ca2+-concentrations required for an efﬁcient interac-
tion. In order to activateDAPKenzymatic activity,wehence see theneed
of a high Ca2+-concentration that would play a triggering role to enable
CaM to remove the phosphorylated regulatory domain from the
catalytic cleft. This removal might then be followed by a de-
phosphorylation, which leads to a lower dependency on Ca2+ for CaM
interaction with the regulatory domain of DAPK. This assumption is
further supported by the observation mentioned of a possible
interaction between the two partners, even in the absence of Ca2+ ions.
3.4.2. Interaction with EGFR CaM binding domain
EGFR is another interesting target as this receptor is known to play
a fundamental role in cell proliferation in normal and transformed
cells. The interaction of SynCaM with the EGFR binding domain was
performed under the same conditions and using the same method as
the one described for the DAPK regulatory domain. Data are presented
in Table 4. Our results extend the result of the laboratory of Villalobo[26,41,42] on the capacity of CaM to bind to the EGFR CaM binding
domain. In our experiments, in the absence of Ca2+, the afﬁnity for
SynCaM is signiﬁcant (with a dissociation constant around 3 μM)
suggesting that the EGFR/CaM complex may be pre-formed in vivo.
This afﬁnity is strongly increased only with the SynCaM–Ca4 complex
(dissociation constant below nM), in contrast to the observationmade
with the DAPK CaM binding domain. This afﬁnity increase is
signiﬁcant when the free Ca2+ concentration is higher than 10 μM,
suggesting that the phenomenon takes place only when a high and
local free Ca2+concentration occurs in the cell.
4. Conclusion
Since the discovery of CaM in 1968, numerous and intensive
works, both at the conceptual and the experimental levels, have been
performed in order to decipher the three main basic steps in CaM
activity (calcium binding, target interaction and target activation)
allowing CaM to decipher intracellular calcium signals and transform
them into cellular events.
Several classes of models have successively emerged since the
1970s. Three main models describing Ca2+ binding to CaM are now
surviving:
1) A model with two equivalent and non independent Ca2+ binding
sites in both the C-terminal and the N-terminal lobes of the
protein, characterized by a site association constant kc and a
coupling factor cc for the sites in the C-terminal part and kn and cn
for the sites in the N-terminal lobe. The afﬁnity for the C-terminal
lobe is higher than the one for the N terminal lobe. Therefore, the
sites in the C-terminal lobe are occupied before those in the N
terminal lobe and the twinned sites of each lobe are indistin-
guishable. The model exhibits symmetry in each lobe.
2) A recently proposed two state allosteric model with two conforma-
tional states (characterized by an equilibrium constant L) and two
pairs of sites — the N lobe sites characterized by the association
constant kn in one state and c*kn in the other conformational state—
respectively the C-lobe sites characterized by the parameters kc
and c*kc. This model is also symmetrical for each lobe [43].
3) A model that we proposed in 1981 where CaM, in the absence of
Ca2+ exhibits only one site with signiﬁcant afﬁnity for Ca2+
(association constant k1). Ca2+ binding to this site unveils a
second site (association constant k2) and so on. This model is
totally asymmetric and we named it sequential and ordered
binding model (abbreviated SOB model) [10,44,45].
Those three models are characterized by 4 microscopic para-
meters. Experimental data ﬁtting allows getting four phenomenolog-
ical Adair–Klotz constants, which can be linked to the microscopic
parameters for each of the three models.
All threemodels explainmost of the experimental results obtained
up to now. However, the two ﬁrst ones, due to the symmetrical
behavior of the two sites of the C- or the N-terminal lobes, cannot take
into account the results obtained with tryptophan isofunctional
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occupancy of speciﬁc sites in CaM [17].
The asymmetric SOB model allows analyzing the interaction
between CaM and speciﬁc targets as a function of the number of
Ca2+ bound in a more general way. Our experimental data are well
ﬁtted with the SOB model. Moreover, our model allows a decoupling
between the four calcium binding steps and therefore to ﬁne tune the
interaction and the activation steps in the molecular mechanism of
CaM/target recognition.
The set of CaM targets studied, interestingly shows a speciﬁc
recognition of each of the different SynCaM–Can complex (n=1 to 4),
namely DAPK-Reg with SynCaM–Ca1 complex, the ﬂuorescent probe
S1 with SynCaM–Ca2 complex, DAPK-Reg phosphorylated with
SynCaM–Ca3 and the EGFR CaM binding domain with SynCaM–Ca4
complex. We have performed the same set of experiments with
human CaM and obtained the same results (data to be published).
The CaM binding domain of DAPK shows that the peptide binding
behavior to CaM–Can is signiﬁcantly altered by the presence of the
phospho-Ser. This surprising result illustrates the exquisite modulation
in the interaction between calmodulin and its targets. The regulatory
domain of DAPK in the unphosphorylated form shows signiﬁcant
binding toCaMin theabsenceof Ca2+, but efﬁcientbinding requires that
at least one Ca2+ be bound to CaM. Efﬁcient binding of the
phosphorylated peptide requires that at least three Ca2+ be bound to
CaM. Hence, our hypothesis of CaM ﬂexible interaction site is
strengthened by the phosphorylation-driven alteration of the interplay
between CaM, Ca2+ ions and the peptide. Depending of the phosphory-
lation state of the CaM regulatory domain of DAPK, the enzymatic
response will differ depending upon the shape of the calcium signal.
Finally, we propose the characterization of the known CaM target
peptides by adopting our approach that allows the discrimination
between CaM–Can complexes involved in the interaction and sub-
sequently the activation of CaM-dependent target proteins. Hence,
this analytical strategy provides a new tool to elaborate a kind of
typology allowing the classiﬁcation of CaM-dependent target peptides
as a function of the CaM–Can complexes (n=0–4) recognized by the
peptide target sequence. We believe that this typology could
contribute to improve our understanding of the mechanism of CaM/
target recognition and of how CaM deciphers the calcium signal.
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